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Water  Structure  at  Ocean  Weather  Station  V, 
Northwestern  Pacific  Ocean,  1966-71 


D.  M.  HUSBY  and  G.  R.  SECKEL' 


ABSTRACT 

The  oceanographic  station  data  obtained  at  Ocean  Weather  Station  V  from  1966  to  1972  by  the 
U.S.  Coast  Guard  have  been  analyzed  and  are  presented  in  a  form  suitable  for  water  structure  studies. 
Temperatures,  salinities,  and  depths  are  given  as  a  function  of  density  (sigma-f).  We  used  harmonic 
analysis  as  a  curve-fitting  technique,  to  obtain  parameters  for  these  properties  as  a  function  of  time. 
The  harmonic  coefficients  and  interpolated  values  at  the  first  of  each  month  for  the  6-year  series  are 
tabulated  in  an  appendix. 

We  describe  the  temporal  distributions  of  salinity  and  depth  in  terms  of  the  oceanographic  setting. 
At  depths  greater  than  sigma-f  26,  temperature-salinity  relationships  remain  relatively  constant  in 
time.  Depth  variations  at  these  levels  are  attributed  primarily  to  meanders  of  the  Kuroshio  Extension. 
The  surface  divergence,  as  reflected  by  changes  in  the  depth  of  sigma-(  26,  has  no  annual  periodicity. 
The  6-year  record  shows  that  large  baroclinic  variability  occurs  at  time  scales  of  more  than  35  days 
with  largest  variability  occurring  at  the  interannual  scale. 

Heat  budget  estimates  show  that  the  effects  of  local  ocean-atmosphere  exchange  processes  are  ob- 
scured by  advected  properties.  For  example,  the  heat  content  of  the  layer  above  sigma-(26is  primarily 
determined  by  the  divergence  of  this  layer  and  anomalies  in  the  mean  temperature  are  produced  by 
heat  advection  rather  than  heat  exchange  across  the  sea  surface. 


INTRODUCTION 

Monitoring  and  predicting  ocean  variability  in  the 
fishing  areas  of  the  eastern  North  Pacific  are  important 
problems  facing  the  fishery  oceanographer.  In  contrast 
to  the  global  monitoring  of  the  atmosphere  at  a  network 
of  stations  every  6  h,  there  is  no  network  of  monitoring 
stations  in  the  oceans.  Oceanographers  are  therefore  at- 
tempting to  infer  ocean  variability  from  atmospheric 
forcing,  i.e.,  the  exchange  of  momentum,  moisture,  and 
heat  between  the  atmosphere  and  ocean,  that  can  be 
calculated  from  the  regularly  observed  meteorological 
properties.  The  temperature  structure  in  the  upper 
layers  of  the  ocean,  for  example,  is  affected  by  heat  ex- 
change and  wind  stress  as  well  as  by  the  changing  cur- 
rent field  and  diffusion.  Inferring  ocean  variability  from 
atmospheric  forcing,  therefore,  is  not  a  trivial  problem. 

Conditioning  of  the  water  reaching  the  eastern  North 
Pacific  Ocean  begins  in  the  western  North  Pacific,  an 
area  characterized  by  a  net  annual  heat  loss  across  the 
sea  surface  (Husby  and  Seckel  1975).  Thus,  studies  of 
the  effects  of  heat  exchange  across  the  sea  surface  and 
wind  stress  on  ocean  properties  and  structure  must  be 
undertaken  upstream  of  the  fishing  areas  if  predictions 
of  anomalous  water  conditions  are  to  be  made.  The  only 
time  series  of  concurrent  meteorological  and  oceano- 
graphic data  for  use  in  such  studies  are  those  that  were 
obtained  at  ocean  weather  stations.  One  of  these,  Ocean 
Weather  Station  V  (OWS-V)  was  located  at  lat.  34°N, 
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long.  164°E  within  the  net  annual  heat  loss  area  that  is 
of  concern  to  us. 

At  OWS-V  meteorological  observations  were  obtained 
from  1951  to  1972  and  oceanographic  station  data  from 
1966  to  1972.  The  large-scale  air-sea  interaction  pro- 
cesses derived  from  the  station's  meteorological  data 
were  described  by  Husby  and  Seckel  (1975).  Our  work  is 
a  companion  paper  in  which  the  oceanographic  station 
data  are  presented  in  a  form  suitable  for  studies  of  the 
water  structure.  Temperatures,  salinities,  and  depths  at 
selected  density  (sigma-t)  levels  are  analyzed  and 
presented  as  a  function  of  time.  Harmonic  analysis  is 
used  as  a  curve-fitting  technique,  to  obtain  parameters 
for  these  properties  as  a  function  of  time.  Results  of  the 
analyses  are  presented  in  Appendices  I  and  H.  Finally, 
the  time  variations  in  the  distribution  of  properties,  the 
water  structure,  are  described  in  terms  of  the  oceano- 
graphic setting  at  OWS-V. 

PROCESSING   PROCEDURES  AND 
ANALYSIS 

The  Data 

Oceanographic  sampling  at  OWS-V  began  in  January 
1966  with  daily  Nansen  bottle  casts  by  the  U.S.  Coast 
Guard  on  alternate  3-wk  patrols.  In  March  1968  the 
program  was  expanded  to  daily  observations  on  each 
patrol.  The  temperature  and  salinity  were  sampled  at 
the  sea  surface  and  at  the  depths  of  10,  30,  50,  75,  100, 
150,  200,  300,  400,  600,  800,  1,000,  and  1,500  m.  The 
observations  and  initial  data  processing  methods  were 
described  by  Husby  (1968). 


From  1966  to  March  1968  the  sampling  was  intermit- 
tent (Fig.  1).  Subsequently,  until  January  1972,  daily 
sampling  became  nearly  continuous  with  isolated  gaps 
of  up  to  20  days.  In  addition  to  the  temporal  gaps,  sta- 
tions were  occasionally  occupied  outside  the  nominal 
location,  a  10  nautical  mile  (nmi)  square  centered  on 
lat.  34°N,  long.  164°E  (Fig.  2).  We,  however,  used  all 
observations  within  a  60  nmi  square  centered  on  this 
location.  Sixty-seven  percent  of  the  stations  were  oc- 
cupied within  the  10  nmi  square  and  95%  within  the  60 
nmi  square. 

The  oceanographic  station  data  were  obtained  from 
the  National  Oceanographic  Data  Center  (NODC)  of 
the  National  Oceanic  and  Atmospheric  Administration 
in  two  different  formats:  1)  temperature  and  salinity  at 
observed  and  standard  (interpolated)  depths,  and  2) 
temperature,  salinity,  and  depth  at  increments  of  0.2 
sigma-t  (ff, )  units  between  the  surface  and  the  deepest 
observation  (isentropic  format).  A  cubic  spline  interpK)- 
lation  function  was  used  to  obtain  the  values  of  temper- 
ature, salinity,  and  depth  at  the  desired  a,  values.^ 

The  Isentropic  Format 

The  study  of  changes  in  water  properties  on  surfaces 
of  constant  potential  density  or  a',  called  isentropic 
analysis,  was  introduced  to  oceanography  by  Parr  (1938) 
and  Montgomery  (1938)  and  has  been  a  valuable  tool  in 
descriptive  oceanography.  The  assumptions  underlying 
isentropic  analysis  are  that  mixing  or  interchange  of 
water  masses  on  a  constant  density  surface  proceed  with 
a  minimum  of  change  in  the  potential  energy  and 
entropy  of  the  system  and  that  surfaces  of  constant  den- 
sity are  the  preferred  surfaces  along  which  mixing  oc- 
curs. The  method  has  been  used  in  the  identification 
and  tracing  of  water  masses  and  also  lends  itself  to  the 
analysis  of  temporal  changes  in  the  water  structure  as 
was  done,  for  example,  at  OWS-P  by  Tabata  (1965).  In 
order  to  pursue  the  latter  aspect  of  isentropic  analysis 
the  temperature,  salinity,  and  depth  are  presented  as  a 
function  of  a,  in  this  report. 

Quality  Control  of  Isentropic  Data 

The  initial  step  of  quality  control  is  concerned  with 
the  interpolated  temperatures  and  salinities  at 
designated  o^  values  for  each  station  received  from 
NODC.  The  spline  interpolation  function  calculates  the 
temperature  and  salinity  at  designated  a,  values  from 
the  two  relationships:  1)  observed  temperature  versus  a, 
and  2)  salinity  versus  o;  with  a,  as  the  independent 
variable.  A  a,  value  was  computed  from  the  interpolated 
temperature  and  salinity  at  each  designated  (t,  using  the 
relationships  (1)  and  (2).  When  the  calculated  a,  dif- 
fered from  the  designated  by  >±0.02  a,  units  at  more 
than  one  level,  both  interpolated  and  observed  data 
were  used  to  plot  two  temperature-salinity  (T-S)  dia- 


grams for  the  station.  The  T-S  curve  drawn  through  the 
observed  values  together  with  the  temperature-depth 
curve  was  used  to  correct  the  interpolated  values  ob- 
tained from  the  spline  interpKjlation  or  to  determine 
whether  the  station  should  be  rejected.  These  quality 
control  procedures  frequently  had  to  be  used  for  values 
that  were  erroneously  produced  by  the  spline  interpwla- 
tion  because  of  an  inadequate  sampling  interval  in  the 
vicinity  of  the  salinity  minimum  (a,  26.8).  Out  of  a  total 
of  1,067  stations,  496  stations  were  corrected  during  this 
quality  control  procedure. 

Harmonic  Analysis  of  Isentropic  Data 

Harmonic  analysis  was  used  as  a  curve-fitting 
technique  to  summarize  the  daily  oceanographic  data  in 
a  manner  that  lends  itself  to  studies  of  temporal  changes 
in  the  water  structure.  The  resulting  analytical  expres- 
sions yield  smoothed  estimates  of  the  water  properties 
for  any  time  of  the  analysis  period. 

Harmonic  (Fourier)  analysis  was  performed  on  the 
isentropic  data  for  each  year  from  1966  through  1971 
with  a  fundamental  period  of  366  days  beginning  on  1 
January  of  one  year  and  ending  on  1  January  of  the  next 
year.  In  these  data  sets,  values  at  the  beginning  and  end 
of  the  annual  series  were  usually  not  equal  and  to 
facilitate  the  curve-fitting  procedure  the  harmonic 
analyses  were  performed  on  the  residuals  produced  by 
subtracting  the  linear  trend  (day  1  to  day  366)  from  the 
observed  value: 


Rit)  =  fit)  -  [/(I)  +  M-(t  -1)] 


(1) 


'Hamilton,  D.     1973.    Isentropic  analysis  and  spline  interpolation. 
Natl.  Oceanogr.  Data  Cent.  Tech.  Rep.,  29  p. 


where  fU)  is  the  value  of  the  property  (temperature, 
salinity,  or  depth)  at  a  constant  (t,  at  day  t,  and  t  =  1  to 
366.  The  slope  of  the  straight  line  fitted  to  the  values  at 
day  1  and  day  366  is 

M  =  [/(366)  -  /(I)  1/365.  (2) 

The  expression  for  the  fitted  curve  then  becomes 

E(t)  =/(l)  +  M  -(t  -  I)  +  F^{t)  (3) 

where  FAt)  =  A^  +  x(a^cos^SI^  +  B„  sin  ?^\ 

n  =  1,2,  .  .  .k  (4) 

is  the  Fourier  series  derived  from  the  residuals,  R(t). 
The  coefficients  A„,  i4„,  and  B„  were  evaluated  by  use  of 
a  standard  computer  program. 

Data  gaps  in  the  time  series  were  filled  by  linear  inter- 
polation between  observed  values  in  order  to  satisfy  the 
program  requirement  of  equal  time  intervals  between 
data.  When  no  observations  were  available  for  the  first  or 
366th  day  of  the  year,  data  from  the  first  (last)  actual 
station  of  the  year  was  extrapolated  backward  (forward) 
to  the  missing  day.  For  the  1969  and  1971  analyses,  the 
values  for  the  first  day  were  computed  from  a  harmonic 
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Figure  2— Positions  of  oceanographii'  stations  taken  by  I'.S.  Coast  Guard  Cutler  Chautauquit  at  Ocean  Weather  Sta- 
tion V.  4-22  January  IHBfi.  Dashed  line  eneloses  a  lO-nmi  square  and  solid  line  encloses  a  Wl-nmi  square  around  Ocean 
Weather  Station  V. 


analysis  of  the  366  day  period  beginning  and  ending  on  2 
July.  There  were  sufficient  data  from  July  1968  to  July 
1971  to  use  the  expected  values  from  these  analyses  as 
the  interpolated  values  for  the  first  days  of  1969  and  1971 
(Fig.  1).  The  values  used  for  the  1st  and  366th  days  of  the 
annual  analyses  at  each  level  are  listed  in  Appendix  I. 
Table  1  shows  the  manner  in  which  these  values  were  ob- 
tained. 

Before  proceeding  with  the  harmonic  analyses  of  the 
complete  data  set  limited  analyses  were  made  as  a 
quality  control  procedure.  Harmonic  coefficients  were 
derived  to  the  12th  harmonic  for  the  salinity  and  depth 
series  at  the  ct,  26  and  27  levels  of  each  year.  Equation  (3) 
was  then  used  to  evaluate  and  plot  the  fitted  curve 


Table  1. — Manner  of  obtaining  first  and  last  values  in  each  of  the 
annual  harmonic  analyses,  1966-71. 


Year 

Day=l 

Day  =  366 

1966 

extrapolation  from  4  Feb. 
1966 

observation  on  1  .Jan.  1967 

1967 

observation  on  1  Jan.  1967 

extrapolation  from  24 
Nov.  1967 

1968 

extrapolation  from  1 

harmonic  analysis  from  2 

Mar.  1968 

July  1968  to  2  July  1969 

1969 

harmonic  analysis  from 
2  .Julv  1968  to  2  Julv  1969 

observation  on  1  Jan.  1970 

1970 

observation  on  1  .Jan.  1970 

harmonic  analysis  from 
2  July  1970  to  2  July 
1971 

1971 

harmonic  analysis  from 
2.Julyl970to2.Julyl971 

observation  on  1  Jan.  1972 

together  with  the  isentropic  data.  Examples  of  these 
curves  for  1967  (a  year  with  large  data  gaps)  and  1971  (a 
year  with  small  data  gaps)  are  shown  in  Figures  3  and  4. 
Questionable  values  are  revealed  as  large  discrepan- 
cies from  the  fitted  curve.  The  questionable  values  were 
usually  associated  with  the  previously  mentioned  poor 
vertical  sampling  interval  at  individual  stations  or  with 
stations  that  were  occupied  outside  the  60  nmi  quad- 
rangle about  the  nominal  position  of  OWS-V  (Fig.  2).  Us- 
ing this  quality  control  procedure,  38  stations  were  re- 
jected from  the  6-yr  series. 

After  this  quality  control  procedure  the  harmonic  coef- 
ficients were  calculated  for  the  temperature,  salinity, 
and  depth  at  a,  levels  between  22.0  and  27.4  with  inter- 
vals of  0.2  a,  units,  as  well  as  for  the  surface  temperature, 
salinity,  and  a,.  Although  the  analyses  were  carried  out 
to  the  52d  harmonic,  resolving  fluctuations  with  a  7-day 
duration,  only  the  first  12  harmonic  coefficients  are  listed 
in  Appendix  I.  Also  listed  are  the  slope  M,  and  initial 
values,  /(I),  for  the  linear  trend  at  each  level.  Thus,  using 
the  values  of  Appendix  I  in  Equation  (3),  expected  values 
for  any  day  of  the  year  for  any  of  the  given  levels  can  be 
obtained. 

Because  of  the  seasonal  variation  in  the  density  of  the 
upper  layers,  properties  at  the  lower  a,  values  will  not  oc- 
cur throughout  the  year.  For  these  situations  the  dates  of 
the  first  and  last  observation  are  given  in  the  tabulation 
of  Appendix  I  and  derived  values  will  be  valid  only  for 
the  duration  bounded  by  these  dates. 

Statistical  Characteristics  of 
the  Harmonic  Analyses 

Figures  3  and  4  show  qualitatively  that  the  fitted 
curves  follow  the  observed  values  very  well,  as  they 
should,  because  a  Fourier  series  approximation  is  a  least 


squares  fit  regardless  of  the  number  of  harmonics  used  in 
the  summation  (Jenkins  and  Watts  1968).  A  quantitative 
measure  of  the  goodness  of  fit  is  provided  by  the  unex- 
plained variance. 


S,   =■ 


f =1 


(5) 


T-1 


Equation  (5)  is  an  estimate  of  the  mean  square  error  or 
variance  of  the  difference  between  the  observed  values 
and  the  Fourier  series  approximation.  With  an  increas- 
ing number  of  harmonics  used  in  the  approximation, 
S,.,  the  standard  error  of  the  estimate,  should  decrease. 
These  quantitative  aspects  are  presented  in  Table  2  and 
illustrated  in  Figures  5,  6,  and  7  by  graphs  of  S,,  as  a 
function  of  the  number  of  harmonics  used  in  the 
analyses  of  the  temperature,  salinity,  and  depth  for 
1971. 

Considering  the  temperature  and  salinity  graphs  (Figs. 
5,  6)  first,  there  is  a  marked  reduction  in  S,  at  the  shal- 
lower levels  as  n  increases  to  6,  6\.  then  decreases  slowly 
with  increasing  n.  For  example,  at  a,  25.2,  S,.  for  the 
temperature  is  0.28°C  at  «  =  1,  0.135°C  at  n  =  6,  and 
0.12°C  at  n  =  20.  In  the  deeper  layers  the  decrease  in  S^ 
with  increasing  harmonic  used  in  the  fitting  procedure  is 
relatively  small.  For  example,  at  a,  26.4,  S,  for  the 
temperature  is  0.13°C  at  n  =  1,  0.115°C  at  n  =  6  and 
0.11°C  at  n  =  20.  The  greater  variability  of  the  prop- 
erties at  the  shallower  levels  may  reflect,  in  part,  low  fre- 
quency variability  in  the  air-sea  interaction  processes 
directly  affecting  the  upper  layer  of  the  ocean  to  approxi- 
mately the  (T,  25.8  level. 

Figure  7  shows  that  the  standard  error  of  estimate  for 


Table  2.— Standard  errors  of  estimate.  S, .  for  Fourier  series  summations  (n  =  12)  on  a,  25.0-27.4  levels  of  temperature,  °C,  (upper 
panel);  salinity,  */..,  (middle  panel);  and  depth,  m,  (lower  panel).  5^  was  computed  only  for  times  of  actual  observations,  exclud- 
ing interpolated  values,  1966-71. 


Level 

Year 

25.0 

25.2 

25.4 

25.6 

25.8 

26.0 

26.2 

26.4 

26.6 

26.8 

27.0 

27.2 

27.4  , 

1966 

0.070 

0.079 

0.114 

0.080 

0.080 

0.103 

0.118 

0.129 

0.144 

0.093 

0.067 

0.059 

0.060 

1967 

0.079 

.082 

.079 

.059 

.058 

.058 

.068 

.085 

.109 

.089 

.044 

.037 

.027 

1968 

.135 

.124 

.122 

.086 

.097 

.091 

.118 

.151 

.151 

.116 

.069 

.069 

.050 

1969 

.144 

.131 

.142 

.119 

.100 

.128 

.129 

.132 

.172 

.157 

.105 

.067 

.064 

1970 

.150 

.115 

.125 

.099 

.060 

.059 

.075 

.102 

.097 

.093 

.078 

.047 

.033 

1971 

.096 

.123 

.141 

.144 

.111 

.081 

.072 

.110 

.133 

.128 

.063 

.087 

.075 

1966 

0.022 

0.025 

0.034 

0.022 

0.020 

0.026 

0.026 

0.024 

0.026 

0.016 

0.011 

0.008 

0.008 

1967 

.026 

.025 

.023 

.017 

.015 

.015 

.016 

.018 

.019 

.015 

.008 

.005 

.004 

1968 

.044 

.039 

.038 

.025 

.026 

.024 

.028 

.032 

.029 

.020 

.010 

.011 

.008 

1969 

.046 

.041 

.042 

.034 

.027 

.033 

.031 

.029 

.032 

.026 

.016 

.011 

.011 

1970 

.047 

.036 

.037 

.028 

.016 

.015 

.017 

.022 

.018 

.015 

.011 

.006 

.005 

1971 

.030 

.038 

.041 

.041 

.030 

.021 

.017 

.020 

.024 

.021 

.009 

.013 

.010 

1966 

5.7 

10.9 

21.8 

24.6 

23.2 

23.5 

24.1 

24.1 

24.0 

24.4 

26.0 

28.4 

35.9 

1967 

9.1 

8.6 

13.6 

22.7 

26.4 

24.0 

20.9 

19.5 

18.0 

22.1 

19.9 

17.9 

23.0 

1968 

10.7 

12.9 

15.5 

35.5 

38.5 

40.7 

33.6 

28.0 

25.4 

24.7 

27.7 

35.8 

37.1 

1969 

8.1 

13.8 

21.7 

29.8 

32.6 

31.6 

25.6 

23.5 

24.0 

21.0 

22.2 

23.9 

22.8 

1970 

7.9 

6.1 

10.7 

15.2 

19.5 

22.9 

20.1 

18.3 

17.4 

16.4 

17.0 

16.7 

27.8 

1971 

5.2 

11.8 

15.6 

27.4 

29.7 

24.8 

23.0 

22.2 

19.2 

19.3 

19.6 

20.7 

25.9 
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Figure  5. — Standard  errors  of  estimate  for  harmonic  fit  of  the  1971  temperatures  at  a,  25  to  a,  25.8  (left 
panel)  and  at  o^26  to  ^,27  (right  panel). 
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Figure  7.— Standard  errors  of  estimate  for  harmonic  fit  of  the  1971  depths  at  o,  25  to  a,  25.8  (left  panel)  and 

at  (T,  26  to  i;,  27  (right  panel). 


the  depth  is  relatively  large  at  all  levels  for  low  har- 
monics. At  the  26.0,  26.2,  and  26.4  <t,  levels  significant 
improvement  in  the  standard  error  continues  up  to  n  = 
10.  Relatively  high  variance  at  (t,  26.6,  26.8  and  27  for 
n  =  6  indicates  that  low  frequency  baroclinicity,  proba- 
bly caused  by  eddies  and  current  meanders,  penetrates 
deeper  than  800  m.  S^  approaches  an  asymptotic  value  of 
about  20  m  in  the  deeper  a,  layers  indicating  the  magni- 
tude of  the  residual  variance  associated  with  short-term 
variability  and  sampling  error. 

One  would  assume  that  the  variance  of  temperature 
and  salinity  decreases  with  increasing  a, .  Figures  5  and  6 
and  the  tabulated  variances  of  the  temperature  and 
salinity  (Table  2)  show  that  this  assumption  is  not  cor- 
rect. There  is  a  tendency  for  S^  to  decline  from  higher 
values  in  the  upper  layers  to  lower  values  at  o,  25.8  or 
26.2,  then  to  rise  again  to  higher  values  at  o;  26.4,  26.6, 
or  26.8  before  finally  declining  to  the  lowest  values  at  cr, 
27,  27.2,  and  27.4.  In  other  words,  the  T-S  relationships 
are  less  variable  below  the  level  of  seasonal  influence 
than  in  the  deeper  layers  at  and  above  the  salinity 
minimum.  The  reason  for  this  curious  tendency  may  be 
the  uncertainty  in  the  T-S  relationship  introduced  by 
the  inadequate  vertical  sampling  interval  (200  m  at  a, 


Figure  6. — Standard  errors  of  estimate  for  harmonic  fit  of  the  1971 
salinities  at  a^  25  to  cr,  25.8  (left  panel)  and  at  a,  26  to  7,  27  (right  pan- 
el). 


26.4-26.8)  that  was  previously  mentioned.  It  is  also  pos- 
sible that  the  relatively  large  variance  at  the  ct,  26.4-26.8 
levels  reflects  active  mixing  of  water  masses  upstream. 
Depths  derived  from  the  harmonic  curve  fitting  can 
produce  density  inversions  in  the  seasonal  pycnocline 
during  spring  and  summer  months.  These  inversions  are 
small  and  are  due  to  the  uncertainty  of  the  harmonic  fit 
being  of  the  same  order  of  magnitude  as  the  depth  incre- 
ment between  cr,  levels.  The  depth  intervals  between 
successive  <t,  levels  from  the  surface  to  the  a,  25.2  level 
range  from  1  to  5  m.  The  standard  errors  of  estimate 
listed  in  Table  2  generally  are  larger  than  these  values 
and  range  from  5  to  14  m.  These  uncertainties  in  the 
depth  estimates  are  unavoidable  with  the  method 
employed,  but  the  errors  produced  in  computations  of 
the  integrated  properties  of  the  water  column,  e.g., 
mean  temperature  or  heat  content,  will  not  be  large 
since  the  depth  increments  in  the  upper  layer  are  so 
small.  The  levels  producing  inversions  can  be  deleted  in 
these  computations  without  significantly  affecting  the 
results.  For  example,  consider  the  mean  temperature  of 
the  water  column  from  the  surface  to  the  0;  26.0  level  on  2 
days  at  OWS-V  representing  summer  conditions,  1 
September  1969  (Fig.  8)  and  1  July  1971  (Fig.  9).  The  ex- 
pected depth  values  for  1  September  1969  revealed  an  in- 
version at  (T,  22.8  and  23.0.  Deleting  these  two  levels,  the 
mean  temperature  was  calculated  to  be  17.20°C,  com- 
pared  with   a  value  of  17.24°C   calculated  from  the 


11 


SALINITY  %o 


Figure  8. — Temperature-salinity  diagram  for  day  244  (1  September 
1969)  based  on  original  isentropic  data  (o)  with  temperature-salinit\- 
values  from  the  harmonic  fit  (x).  The  numerals  give  the  depth  in 
meters  for  the  original  isentropic  data.  The  numbers  in  parentheses 
represent  the  difference  between  the  depth  of  the  original  isentropic 
values  and  those  from  the  harmonic  fit. 


original  isentropic  data.  For  1  July  1971  the  expected 
isentropic  values  showed  no  inversions,  but  the  com- 
parison was  made  by  deleting  the  u,  24.0  and  a^  24.2 
levels  at  3  and  9  m,  respectively,  giving  a  mean 
temperature  of  15.31  °C,  which  was  identical  with  that 
calculated  from  the  original  isentropic  data  and  com- 
pared with  15.25°C  before  the  data  were  deleted. 

Sampling  Gaps 

Figure  1  shows  that  there  were  gaps  lasting  up  to 
several  months  in  the  oceanographic  data  series.  From 
1966  to  the  winter  of  1968  oceanographic  stations  at 
OWS-V  were  occupied  only  on  alternate  Coast  Guard 
patrols.  Subsequent  to  this  time  there  were  gaps  of  up  to 
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Figure  9. — Temperature-salinity  diagram  for  day  182  (I  July  1971) 
based  on  original  isentropic  data  (o)  with  temperature-salinity  values 
from  the  harmonic  fit  (x).  The  numerals  give  the  depth  in  meters  for 
the  original  isentropic  data.  The  numbers  in  parentheses  represent 
the  difference  between  the  depth  of  the  original  isentropic  values 
and  those  from  the  harmonic  fit. 


3  wk  in  the  series.  The  data  gaps  were  bridged  by  linear 
interpolation,  as  previously  described,  solely  to  facilitate 
the  analysis  procedure.  Therefore,  although  Equation  (3) 
will  provide  interpolated  values  for  the  gaps,  the 
significance  of  such  values  is  limited.  The  limitation  is 
related  to  the  Nyquist  frequency, 


/ 


1 

2At 


n 
T 


(6) 


specifying  the  highest  harmonic  to  which,  in  theory, 
Fourier  analysis  can  be  carried  out  when  the  data  inter- 
val is  St  (Jenkins  and  Watts  1968).  Thus,  with  It  = 
T/2n,  the  longest  1966  data  gap  of  about  40  days  permits 
interpolation  if  the  summation  in  Equation  (4)  is  carried 
out  to  M  =  4.  The  longest  1967  gap  of  about  60  days  limits 
meaningful  summation  in  Equation  (4)  to  n  =  3. 

The  gap  between  day  325  of  1967  and  day  55  of  1968 
comprised  almost  90  days.  Again,  in  order  to  facilitate 
the  analysis  procedure  the  values  for  day  60  of  1968  were 
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extrapolated  backwards  to  day  1.  Consequently,  ex- 
pected values  for  day  1  through  day  60  have  no  validity. 
Interpolated  values  could  have  been  obtained  if  the  har- 
monic analyses  were  carried  out  from  July  1967  to  July 
1968.  A  90-day  gap,  however,  permits  meaningful  sum- 
mation only  to  R  =  2  in  Equation  (3)  which,  as  is  evident 
from  Figures  5,  6,  and  7,  would  resolve  only  a  small  por- 
tion of  the  variance. 

After  the  winter  of  1968,  the  longest  gap  in  the  data 
series  of  about  20  days  occurred  in  1969,  limiting  signifi- 
cant interpolation  for  this  gap  to  n  =  9  in  the  summa- 
tion of  Equation  (4).  In  general,  all  coefficients  to  n  =  12 
that  are  tabulated  in  Appendix  I  can  be  used  to  evaluate 
the  harmonic  function  for  time  spans,  including  those  in 
1966  and  1967,  where  data  gaps  are  15  days  or  less. 

Results  of  the  Harmonic  Analyses 

Within  the  limitations  discussed  in  the  previous  sec- 
tion the  harmonic  coefficients  tabulated  in  Appendix  I 
can  be  used  in  Equation  (3)  to  obtain  smoothed  values  of 
the  temperature,  salinity,  and  depth  at  any  of  the  desig- 
nated levels  from  the  sea  surface  to  ct,  27.4.  This  calcula- 
tion was  performed  and  the  results  were  tabulated  in  Ap- 
pendix II  for  the  first  of  each  month  of  each  of  the  years 
1966  through  1971.  The  values  for  the  1966  and  1967 
periods  were  computed  by  summing  the  harmonic  series 
to  the  3d  harmonic,  while  the  values  for  the  succeeding 
years  were  computed  to  the  12th  harmonic.  In  addition, 
the  values  for  the  366th  day  for  each  analysis  period  are 
included  to  allow  the  month-to-month  changes  in  prop- 
erties to  be  computed  for  the  entire  year.  Because  har- 
monic analyses  were  performed  for  individual  years,  the 
expected  values  on  the  366th  day  of  one  year  may  not 
match  up  with  the  corresponding  values  on  the  first  day 
of  the  following  year. 

In  order  to  facilitate  the  computation  of  dynamic 
heights  at  the  surface  and  acceleration  potentials  at  ct, 
levels  relative  to  1,000  dB,  interpolated  temperatures, 
salinities,  and  a,  values  at  1,000  m  are  included  in  the 
tabulations  of  Appendix  II. 

OCEANOGRAPHIC  CONDITIONS  AT 
OWS-V 

The  Oceanographic  Setting 

In  addition  to  heat  exchange  and  wind  induced  flow 
processes,  variability  in  surface  properties  and  vertical 
structure  is  affected  by  shifts  of  the  ocean  system 
relative  to  the  geographically  fixed  location,  variations 
in  the  intensity  of  currents,  and  eddies.  A  description  of 
the  oceanographic  setting  of  OWS-V,  therefore,  will  aid 
qualitative  interpretations  of  the  low  frequency  oceano- 
graphic variations  in  the  time  series  presented  in  this 
report. 

OWS-V  is  located  in  waters  downstream  of  the 
Kuroshio,  called  the  Kuroshio  Extension  (Sverdrup  et 
al.  1942).  Summaries  of  the  oceanographic  conditions  of 
this  region  have  been  given  by  Masuzawa  (1972)  and 


Kawai  (1972).  These  articles  supplement  the  earlier 
work  of  Fleming  (1955),  Muromtsev  (1958),  Uda  (1963), 
Barkley  (1968),  and  others. 

The  surface  distributions  of  temperature  and  salinity 
of  the  North  Pacific  Ocean  have  been  presented  in 
numerous  atlases  and  other  publications  such  as  that 
produced  by  the  Japan  Hydrographic  Association 
(1975).  These  show  that  isopleths  of  temperature  and 
salinity  are  generally  zonal  in  the  vicinity  of  OWS-V. 
Meridional  temperature  gradients  range  from  about 
0.4°C  per  degree  of  latitude  in  summer  to  0.9°C  per  de- 
gree of  latitude  in  winter.  Salinities  at  OWS-V  tend  to 
be  highest  in  late  winter  and  early  spring  when  the 
meridional  gradient  is  about  0.04%.  per  degree  of 
latitude.  Lowest  salinities  occur  from  July  to  October 
when  the  meridional  gradient  is  about  0.09%.  per  degree 
of  latitude. 

Charts  of  the  dynamic  topography  of  the  North 
Pacific  Ocean  prepared  by  Reid  (1961)  and  Wyrtki 
(1975)  show  that  OWS-V  is  located  in  the  eastward  ex- 
tension of  the  Kuroshio.  These  charts,  however,  are 
based  on  smoothed,  long-term  averages  and  do  not  ex- 
hibit the  nature  of  the  flow  near  OWS-V  that  mate- 
rially affects  the  variability  of  oceanographic  properties 
at  the  station.  The  dynamic  topography  presented  by 
Kawai  (1972),  based  on  observations  during  the  summer 
and  fall  of  1957,  is  reproduced  in  Figure  10.  The  tightly 
packed  isopleths  of  dynamic  height  show  the  meander- 
ing nature  of  the  Kuroshio  Extension  between  lat.  32° 
and  38°N.  Eddies  abound  both  to  the  south  and  to  the 
north  of  this  current. 

The  existence  of  eddylike  features  associated  with  the 
Kuroshio  current  system  has  been  well  documented  in 
the  literature.  The  confluence  area  of  the  Kuroshio  and 
Oyashio  has  been  called  the  "Transition  Area"  by  Uda 
(1938)  or  the  "Perturbed  Area"  by  Kawai  (1972). 
Barkley  (1968)  drew  attention  to  the  eddy  structure  of 
this  area,  and  Bernstein  and  White  (1977)  have  shown 
that  the  baroclinic  mesoscale  eddy  energy  in  this  ju-ea  is 
an  order  of  magnitude  higher  than  that  east  of  long. 
170°W. 

In  the  illustration  (Fig.  10),  OWS-V  is  located  within 
the  meandering  current.  It  is  conceivable  that  at  various 
times  the  current  could  pass  either  to  the  north  or  to  the 
south  of  the  station,  but  OWS-V  would  remain  in  an 
area  of  eddy-induced  variability.  This  variability  makes 
analysis  of  the  vertical  temperature  and  salinity  dis- 
tribution difficult  if  these  properties  are  presented  as  a 
function  of  depth.  However,  if  these  properties  are 
presented  as  a  function  of  density  (isentropic  format) 
current  and  eddy-induced  variability  is  reflected  only  in 
the  depth  distribution  of  isopycnals. 

Meridional  and  zonal  sections  of  the  salinity  and 
depth  as  a  function  of  o;  are  useful  in  describing  the 
baroclinic  setting.  A  meridional  section  of  hydrographic 
stations  was  occupied  in  April  1971  at  long.  168°E 
(Roden  1972).  Although  this  section  lies  to  the  east  of 
OWS-V,  it  reflects  the  characteristic  meridional  distri- 
butions to  be  found  at  the  longitude  of  the  station.  The 
dominant  feature  in  the  salinity  section  (Fig.  11,  upper 
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Figure  10.— Dynamic  topography  (dynamic  meters)  of  the  sea  surface  relative  to  the  1,000  decibar  surface  derived  from  selected  stations  dur- 
ing the  summer  of  1957  (from  Kawai  1972).  The  location  of  Ocean  Weather  Station  V  is  denoted  by  an  "X". 


panel)  is  the  constancy  of  a,  of  the  salinity  minimum 
layer.  This  layer  protrudes  southward  from  the  subarc- 
tic front  between  lat.  41°  and  42°N  and  is  identified 
with  the  North  Pacific  intermediate  water  (Sverdrup  et 
al.  1942;  Reid  1965).  During  the  time  of  this  section,  at 
the  latitude  of  OWS-V,  the  salinity  decreased 
monotonically  from  the  surface  to  the  depth  of  the 
salinity  minimum.  Farther  south,  however,  shallow 
salinity  maxima  occurred. 

The  distribution  of  depth  as  a  function  of  a,  in  the  sec- 
tion (Fig.  11,  middle  panel)  reflects  the  baroclinicity  of 
the  zonal  flow  and  embedded  eddies.  The  bottom  panel 
of  Figure  11  shows  that  the  principal  zonal  geostrophic 
flow  occurs  between  lat.  29°  and  35°N.  Given  the 
meandering  nature  of  this  current  (Fig.  10)  it  is  p)ossible 
that  the  vertical  density  structure  at  OWS-V  may  be 
similar  to  that  found  within,  to  the  north,  or  to  the  south 
of  the  current. 

Useful  zonal  sections  have  been  produced  by 
Masuzawa  (1972)  from  a  selection  of  18  stations  during 
the  summer  season  on  the  south  side  of  the  Kuroshio 
and  Kuroshio  Extension.  The  distribution  of  ther- 
mosteric  anomaly  versus  depth  and  salinity  versus  ther- 
mosteric  anomaly  are  reproduced  in  Figure  12.  [Surfaces 
of  thermosteric  anomaly  are  parallel  to  surfaces  of  a, 
(Montgomery  and  Wooster  1954).]  The  middle  portion 
of  this  section  from  long.  130°  to  170°E  runs  along 
approximately  lat.  32°N.  Note  the  differences  in  the  dis- 
tribution of  salinity  above  a,  26.0.  East  of  long.  165°E 
the  highest  salinities  occur  at  or  near  the  surface,  iden- 
tifying the  North  Pacific  central  water.  West  of  long. 
160°E  a  shallow  salinity  maximum  occurs  at  about  o; 
25.  This  subtropical  water  structure  with  relatively  low 


salinity  surface  water  is  characteristic  of  the  Kuroshio 
during  summer  (Masuzawa  1972).  At  the  longitude  of 
OWS-V,  the  thermosteric  anomaly  of  200  cl/f  (about  a, 
26)  is  at  500  m  (Fig.  12),  but  at  long.  168°E  and  at  the 
same  latitude  as  OWS-V  a,  26  is  near  200  m  (Fig.  11). 
This  difference  is  consistent  with  the  meanders  of  the 
current  shown  in  Figure  10. 

Variability  and  Structure  1966-71 

The  seasonal  variability  of  the  sea  surface 
temperature  and  salinity  for  the  6  years  of  hydro- 
graphic  observations  are  shown  in  the  T-S  diagrams  of 
Figure  13.  Six-year  averages  provide  the  reference  T-S 
relationships  with  temperatures  ranging  from  about 
16°C  in  March  to  26°C  in  August  and  salinities  ranging 
from  about  34.73%.  in  April  to  34.437..  in  September. 
Departures  from  the  average  pattern  during  each  year 
appear  to  be  more  pronounced  in  the  salinity  than  in  the 
temperature.  For  example,  from  June  to  December  1966 
salinities  were  up  to  0.2%.  higher.  Higher  salinities  also 
occurred  during  spring  and  early  summer  of  1968. 
Salinities  were  lower  than  the  average  during  much  of 
the  summer  and  fall  of  1969  and  again  from  June  to 
August  of  1971. 

A  major  departure  from  the  average  temperature, 
lasting  several  months,  occurred  in  1969-70. 
Temperatures  were  1°C  or  more  below  average  from 

Figure  11.— Meridional  sections,  lat.  21°  to  42''N,  long.  168°E,  based 
on  B7  STD  stations  occupied  3-11  .April  1971.  Upper  panel:  Salinity 
(7..)  vs.  (7,  values.  Middle  panel:  Depth  (m)  vs.  <r,  values.  Bottom 
panel:  Dynamic  topography  (dyn.  m.)  at  the  sea  surface  relative  to 
1,000  decibar  surface. 
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line  along  southern  edge  of  Kuroshio 
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Figure  12. — Section  of  salinity  (7.=)  versus  tliermosteric  anomaly  (cl  t  ')  along  right-hand  edge  of  Kuroshio 
(upper  panel).  Section  of  thermosteric  anomaU'  versus  depth  (m)  along  right-hand  edge  of  Kuroshio  (lower 
panel).  (From  Masuzav\-a  1972.) 


September  1969  to  June  1970.  In  March  1970  the  sea- 
surface  temperature  was  2.5°C  below  the  6  yr  average. 
Above-average  temperatures  occurred  in  the  winters  of 
1966  and  1969. 

The  time  variability  in  the  vertical  structure  at  OWS- 
V  as  reflected  by  the  smoothed  isopleths  of  salinity  and 
depth  versus  ct,  is  shown  in  Figure  14.  Harmonic  func- 
tions were  evaluated  at  the  first  of  each  month  using  12 
harmonics  for  1968-71  and  only  the  first  3  harmonics  for 
1966  and  1967.  The  isopleths  of  salinity  and  depth  are 
not  shown  for  the  time  from  1  November  1967  to  1 
March  1968  due  to  the  large  data  gap  during  this  time. 
However,  the  expected  surface  salinity  and  density  for 
day  331  of  1967  and  days  1  and  31  of  1968  are  plotted  and 
were  derived  from  the  harmonic  coefficients  for  the  sur- 
face temperature  and  salinity  at  OWS-V  (Yong  1971). 

The  common  feature  for  all  years  in  the  isentropic 


salinity  distribution  is  the  constancy  of  salinity  versus  a , 
at  depths  below  the  a,  26  level  reflecting  a  constancy  of 
T-S  relationships.  Note  the  constancy  of  the  salinity 
minimum  layer  at  a,  26.8,  a  feature  that  was  also  ap- 
parent in  both  the  meridional  and  zonal  sections  shown 
in  Figures  11  and  12. 

Time  variability  in  the  salinity  becomes  pronounced 
above  the  a,  26  level  and  is  associated,  in  part,  with  the 
seasonal  change  in  the  surface  density.  Maximum  den- 
sity at  the  surface  occurs  in  March  or  April  and 
minimum  density  in  August  or  September.  In  1970,  for 
example,  the  maximum  surface  density  was  only  a  little 
less  than  a,  26.  During  the  summer  when  the  surface 
salinity  is  lower  than  in  winter,  a  subsurface  salinity 
maximum  forms.  In  winter  the  highest  salinity  of  34.6  or 
34.7%.  occurs  at  the  surface.  The  structure  of  the  subsur- 
face salinity  maximum  is  variable  and  may  appear  as 
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Figure  13.— Monthly  mean  surface  temperature-salinity  relationships  at  Ocean  Weather  Station  V,  1966-71,  connected  by  dashed  lines.  Arabic 
numerals  represent  months.  Solid  line  connects  6-yr  mean  values.  Roman  numerals  on  the  1966  plot  give  months  for  the  mean  values. 


well-developed  cells  as  in  June  to  August  1968,  August 
1969,  and  November  1971. 

The  baroclinicity  of  the  area  is  reflected  by  the  depth 
of  cr,  levels.  Time  variability  penetrates  to  the  a,  level. 
The  depth  of  a,  26,  the  level  below  the  seasonal 
temperature  and  salinity  variability,  ranges  from  about 
200  to  400  m.  These  depth  changes  are  not  seasonal  but 
show  longer  term  variations.  For  example,  during  much 
of  1966  a,  26  was  deeper  than  300  m;  during  1970  it 
remained  near  200  m.  Superimposed  on  these  variations 
are  perturbations  of  several  months  duration  as  in  July 
to  September  1969.  Amplitudes  of  the  harmonic  series, 
C„  =  (Ai  +  B;)"-  ,  of  the  depth  of  the  ff,  26  level  for  the 
entire  6-yr  record  (Fig.  15)  show  that  the  greatest  por- 
tion of  the  variance,  C„  >30  m;  occurs  on  the  interan- 
nual  time  scale.  Beyond  the  39th  harmonic  (56  day 
period)  the  absolute  magnitudes  of  the  amplitudes  re- 
main <10  m.  Thus,  changes  in  the  depth  of  the  pycno- 
cline,  as  reflected  by  the  a,  26  level,  are  climate-scale 
phenomena. 


In  terms  of  the  oceanographic  setting  of  OWS-V,  the 
depth  variations  reflect  north-south  shifts  of  the 
Kuroshio  Extension  and/or  passage  of  baroclinic  eddies. 
The  salinity  variability  above  the  a,  26  level  permits 
qualitative  interpretation  of  the  observed  depth 
changes.  Whenever  the  depth  of  a,  26  increases  to  >300 
m  (see  dashed  lines  in  salinity  sections.  Fig.  14)  there  is 
a  concurrent  increase  in  the  salinity  of  the  shallow  max- 
imum, and  during  the  winter,  an  increase  in  the  surface 
salinity.  Increases  in  depths  began  in  February  and  June 
1966,  May  1968,  April  and  July  1969,  March  and 
November  1971.  A  shallow  salinity  maximum  is  charac- 
teristic of  Kuroshio  water  (Fig.  12).  Thus,  the  coinci- 
dent increases  in  salinity  in  the  shallow  maximum,  or  at 
the  surface  during  the  winter  with  increasing  depths  of 
a,  26  indicate  a  northward  meander  of  the  Kuroshio  Ex- 
tension. 

In  1970,  when  a,  26  shoaled  to  <300  m,  the  salinity  in 
the  shallow  maximum  during  spring,  summer,  and  fall 
was  relatively  high  in  contrast  to  that  in  1967  when  the 
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Figure  14.— Vertical  pronies  of  salinity  (upper  panel)  and  depth  (lower  panell,  wiih  (t,  as  ordinate,  at  Ocean 
Weather  Station  V.  1966-71.  Values  were  calculated  for  first  day  of  each  month  from  the  harmonic  series  car- 
ried out  to  the  .ird  harmonic  in  1!I66  and  19B7  and  to  the  12th  harmonic  in  l%s  through  1971.  I  ppermost  solid 
line  connects  surface  a  values.  The  contour  intervals  are  0.17..  for  salinity  and  100  m  for  depth.  Dashed 
curves  on  salinity  plot  represent  100  m  and  300  m  isopleths. 
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Figure  14. — Continued. 
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Figure  14. — Continued. 
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Figure  15. — Absolute  magnitude  of  the  amplitudes  of  the  harmonic  function  for  the  S-yr  series  of  the  depth  of 
o,  26.0.  Procedure  was  identical  to  that  used  in  the  annual  analyses. 


depth  of  (Tj  26  was  also  shallow.  The  high  salinity  indi- 
cates the  presence  of  Kuroshio  water  at  OWS-V  al- 
though the  shallow  depth  of  a,  26  did  not  indicate  a 
northward  shift  of  the  Kuroshio  Extension.  An  explana- 
tion may  be  a  weakened  baroclinic  flow  during  1970  or  a 
residual  consequence  of  processes  upstream  of  the  sta- 
tion that  also  caused  the  lower  surface  temperatures  at 
OWS-V  during  the  first  half  of  1970. 

The  Water  Structure  and  Air-Sea  Interaction 

A  study  of  the  effects  of  atmospheric  forcing  on  ocean 
variability  at  OWS-V  is  not  within  the  scope  of  this 
report.  Nevertheless,  some  inferences  can  be  made 
about  the  changes  described  above  in  the  light  of  the  air- 
sea  interactions  previously  published  (Husby  and 
Seckel  1975).  For  example,  principal  heat  loss  from  the 
sea  surface  occurs  during  the  6  mo  from  1  October  to  1 
April,  and  one  can  inquire  about  the  change  in  heat  con- 
tent of  the  water  column  between  these  dates. 

Consider  the  layer  above  ct,  26  in  which  temperature 
and  salinity  show  seasonal  changes.  The  heat  content  of 
this  layer  is  pc^  dz  where  p  is  the  density  of  the  water,  Cp 
is  the  specific  heat  at  constant  pressure,  S  is  the  mean 
temperature  of  the  layer  and  z  is  the  depth  of  the  layer. 
With  p  and  Cp  assumed  constant,  the  heat  content  of  the 
layer  changes  because  of  changes  in  the  thickness  of  the 
layer  (divergence)  and  because  of  changes  in  the  mean 
temperature. 


AH  =  PC  Mdz)  =  pc  [eiz  +  zse]. 


(7) 


Changes  in  the  last  term  are  caused  by  the  heat  ex- 
change across  the  sea  surface,  advection,  and  diffusion. 
In  Table  3,  the  heat  content  change,  the  heat  content 
change  due  to  the  mean  temperature  change,  and  the 
total  heat  exchange  across  the  sea  surface  are  listed  for 


the  fall  and  winter  cooling  seasons  from  1966  to  1971. 
Note  the  large  interannual  variability  in  the  heat  con- 
tent changes  with  the  layer  actually  gaining  heat  during 
the  1967-68  season  when  the  total  heat  loss  across  the 
sea  surface  was  anomalously  high.  Not  only  are  these 
changes  much  larger  than  can  be  accounted  for  by  the 
total  heat  exchange,  they  also  bear  no  resemblance  to 
the  year  to  year  changes  of  this  atmospheric  forcing 
process.  The  heat  content  change  due  to  the  change  of 
mean  temperature  has  the  same  order  of  magnitude  as 
the  total  heat  exchange  but  again,  the  interannual  vari- 
ability does  not  resemble  that  of  the  atmospheric  forcing 
process.  For  example,  the  total  heat  exchange  in  the 
1968-69  season  was  less  than  half  that  of  the  previous 
year,  and  yet  the  difference  in  the  heat  content  change 
due  to  change  in  mean  temperature  was  only  8  kcal 
cm"^.  Evidently  other  processes  such  as  heat  advection, 
play  an  important  part  in  the  change  of  mean 
temperature. 

The  6-yr  series  of  heat  content  of  the  layer  to  the  o;  26 
level  (Fig.  16)  shows  that  during  1966  the  heat  content 
was  high,  and  during  1970  it  was  relatively  low  with  ir- 
regular fluctuations  between  these  years.  A  seasonal 


Table  3. — Heat  budget  estimates  at  Ocean  Water  Station  V  for  the 
6-mos  cooling  portion  of  the  year,  1  October  to  1  April. 


A' 

B^ 

C= 

(kcal  cm -2) 

(kcal  cm  -) 

(kcaJcm-2) 

1  Oct.  1966-1  Apr.  1967 

-228.6 

-93.0 

-62.3 

lOct.1967-1  Apr.  1968 

96.1 

-76.4 

-69.8 

1  Oct,  1968-1  Apr.  1969 

-137.1 

-68.5 

-33.1 

1  Oct.  1969-1  Apr.  1970 

-82.1 

-51.7 

-48.4 

lOct.  1970-1  Apr.  1971 

-139.6 

-46.7 

-53.6 

'Heat  content  change  in  the  layer  from  surface  to  (t^26. 
•Heat  content  change  due  to  the  change  in  mean  temperature  in  layer 
from  the  surface  to  0^26  (see  text). 

'Total  heat  exchange  across  sea  surface. 
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pattern  is  not  discernible.  The  6-yr  series  of  the  depth  of 
a,  26  is  shown  in  the  lower  panel  indicating  that  the  fluc- 
tuations in  depth  of  the  lower  boundary  of  the  layer  are 
coherent  with  those  in  heat  content:  high  heat  content 
corresponds  to  greater  thickness  of  the  layer  and  lower 
heat  content  with  reduced  thickness.  The  coherence  is 
clearly  shown  by  the  dashed  line  in  Figure  16,  repre- 
senting the  heat  content  variability  due  to  changes  in 
thickness  {SAz)  only.  The  values  were  obtained  by  se- 
quentially adding  the  monthly  changes  {SAz)  to  the  in- 
itial heat  content  on  day  1,  1966.  (The  series  was  re- 
initialized on  day  61,  1968.) 

The  seasonal  aspects  of  the  change  of  heat  content  per 
month  due  to  change  in  the  mean  temperature  in  the 
layer  above  ct,  26.0  izAd),  and  the  monthly  heat  ex- 
change across  the  sea  surface  are  shown  in  Figure  17. 
The  two  quantities  plotted  are  of  equivalent  magnitude 
although  the  month  to  month  variability  of  the  change 
of  heat  content  is  greater  than  that  of  the  heat  ex- 
change. If  one  assumes  that  the  magnitude  of  the  heat 
exchange  is  correct,  then  a  greater  decline  in  heat  con- 
tent than  expected  from  heat  exchange  tends  to  occur 
during  fall  and  winter.  Heat  content  increases,  greater 
than  those  expected  from  heat  exchange,  tend  to  occur 
during  spring  and  summer.  According  to  our  estimates 
the  heat  exchange  across  the  sea  surface  contributes 
only  47?o  to  the  variance  in  the  rate  of  change  of  heat 
content  due  to  mean  temperature  change.  The  remain- 
der must  be  attributed  to  advection  and  diffusion  of 
which  the  former  is  probably  the  dominant  process. 

Another  opportunity  to  examine  the  effect  of  total 
heat  exchange  across  the  sea  surface  occurred  during  the 
time  from  the  fall  of  1969  to  the  spring  of  1970  when  both 
the  surface  temperature  and  the  mean  temperature  in 
the  layer  above  a,  26  were  below  the  6-yr  average.  Cool- 
ing began  in  August,  2  mo  earlier  than  average,  and  con- 
tinued until  March  1970  (Fig.  18).  A  greater  than 
average  increase  in  temperature  occurred  in  April  1970 
(1.1°C  instead  of  0.1°C).  Throughout  this  time  there  is 
no  indication  of  anomalous  heat  exchange  across  the  sea 
surface  (Fig.  17).  It  is  interesting  to  note  that  in  April 
1970  there  was  an  increase  in  the  surface  salinity  that 
subsequently  persisted  as  a  shallow  subsurface  salinity 
maximum  (Fig.  14).  There  was  no  significant  change  in 
depth  of  the  thermal  structure  {a^  26)  during  this  month 
of  relatively  large  surface  temperature  and  salinity 
changes. 

In  summary,  anomalous  heat  content  changes  in  the 
6-yr  series  cannot  be  attributed  exclusively  to 
anomalous  heat  exchange  across  the  sea  surface.  Pos- 
sibly, effects  of  processes  >1,(XX)  km  upstream  in  the 
principal  heat  loss  area  of  the  North  Pacific  Ocean  play 
an  important  role  in  the  temperature  variability.  Unfor- 
tunately, heat  advection  cannot  be  calculated  from  the 
properties  that  were  measured  at  OWS-V. 

The  salinity  and  salt  content  are  important  prop- 
erties in  isentropic  analysis.  Salt  budget  analyses, 
however,  suffer  from  the  lack  of  reliable  precipitation 
data.  The  association  of  a  shallow  salinity  maximum 
with  the  depth  of  tr,  26  has  already  been  described.  In 


addition,  there  appears  to  be  a  seasonal  trend  in  the  6-yr 
average  of  the  surface  salinity  with  the  maximum  occur- 
ring in  late  winter  and  spring  and  the  minimum  in  late 
summer  and  early  fall.  Departures  during  individual 
years  are  large  so  that  the  average  of  only  6  yr  may 
depart  significantly  from  a  long-term  mean. 

Reed  and  Elliott  (1973)  have  estimated  the  precipita- 
tion at  OWS-V  from  the  present  weather  code  in  the 
standard  marine  weather  repwrts.  Although  absolute 
magnitudes  of  these  estimates  may  be  in  doubt,  the 
seasonal  trend  is  probably  correct.  The  mean  monthly 
values  are  listed  in  Table  4  together  with  the  estimates 
of  mean  evaporation  at  OWS-V  (Husby  and  Seckel 
1975).  The  evaporation  minus  precipitation  values  indi- 
cate excess  evaporation  over  precipitation  during  most 
of  the  year  with  lowest  values  occurring  from  April  to 
August  when  the  average  salinities  are  also  declining  at 
OWS-V. 

As  in  the  case  of  the  surface  temperature  the  effect  of 
advection  on  the  surface  salinity  may  be  pronounced. 


Table  4.— Estimates  of  mean  evaporation  rates  (E)',  mean  precipita- 
tion rates  (P)",  and  evaporation  minus  precipitation  (E-P),  (in  milli- 
meters per  month)  at  Ocean  Weather  Station  V. 
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204 

162 

90 

59 
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78 
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63 

39 

30 

21 

32 

64 

70 

E-P 
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84 

22 

0 

-12 

3 

48 

107 

118 

137 

143 

'Husby  and  Seckel  (1975). 
'Reed  and  Elliot  (1973). 

SUMMARY  AND  CONCLUSIONS 

In  this  report  the  oceanographic  station  data  obtained 
at  OWS-V  from  1966  to  1971  have  been  presented  in  a 
form  that  lends  itself  to  an  examination  of  the  effects  of 
atmospheric  forcing  on  the  water  structure.  The  report 
complements  a  previous  report  on  large-scale  air-sea 
interactions  at  OWS-V  (Husby  and  Seckel  1975).  The 
data  processing  and  analysis  procedures  have  been  de- 
scribed. In  order  to  facilitate  future  analysis  of  ocean 
structure,  the  principal  features  in  the  ocean  variability 
have  been  described  and  heat  budget  estimates  have 
been  made  that  point  to  the  important  processes  af- 
fecting the  temperature  in  the  upper  layer  at  OWS-V. 

Rather  than  presenting  the  temperature,  salinity,  and 
o;  as  a  function  of  depth,  the  temperature,  salinity,  and 
depth  were  presented  as  a  function  of  ct,  which  we  call 
the  isentropic  format.  Harmonic  analysis  was  used  as  a 
curve-fitting  procedure  to  summarize  the  isentropic 
data  with  a  relatively  small  number  of  coefficients  and 
to  provide  smoothed  estimates  of  daily  observations. 
Large  gaps  in  the  sampling  record  in  1966  and  1967  limit 
the  usefulness  of  the  harmonic  coefficients  during  these 
time  periods.  Results  of  the  harmonic  analyses  are 
presented  in  the  appendix  showing  the  harmonic  coef- 
ficients for  the  temperature,  salinity,  and  depth  at  inter- 
vals of  0.2  a, 

Presentation  of  the  oceanographic  station  data  in 
isentropic  format  shows  that  the  apparently  complex 


26 


z  o) 


.   .Q 


.< 


O 

JC 

■* 

1^ 

•^ 

i 

a> 

c 

.< 

u 

1^ 

a  3 


« 

s  s 

.< 

e2   «2 

_-9 

05 

3     3 

(£> 

«     « 

.£ 

05 

^  * 

.< 

'^ 

.1 

.T 

^ 

r 

.o 

.« 

O     -M 

s  g 

>-  X 

.■^ 

00 

is 

"^ 

(C 

k. 

.2 

05 

ii  S- 

fe7, 

.Z 

y'^ 

u. 

ts 

5^ 

e 

S  S 

z 

bx 

o 

.5    B 

.<» 

ag 

.< 

^s 

-> 

r- 

1^ 

(O 

z 

0> 

.< 

?^ 

.z 

^   c 

.o 


.  .z 


to 

(O 
05 

<  •.- 
s 


HiNOlN  IMO  1V0X 
I-  z- 


X 
I 


HE 
S 


27 


O)    - 

3 

(Di. 

S 

X    g 

"- 

i^ 

c5    ^ 

5" 

^     4* 

— '    ^ 

s    o 

=     C8 

'-        wi 

!^J    ^ 

00    - 

t"    ^ 

0) 

2  £; 

I 


28 


distribution  of  properties  at  OWS-V  have  some  order 
and  permit  identification  and  isolation  of  different  proc- 
esses that  contribute  to  changes  in  the  distributions. 
This  point  is  illustrated  by  the  time-series  sections  of 
salinity  versus  a,  (Fig.  14).  At  depths  greater  than  a,  26 
the  T-S  relationships  remain  relatively  constant  with 
the  salinity  minimum  occurring  at  a  constant  tr,  level,  <t, 
26.8. 

Variations  in  the  depth  of  sigma-(  below  (T,  26  (Fig.  14) 
reflect  changes  in  the  baroclinicity  of  the  area.  Deepen- 
ing of  the  pycnocline  as  indicated  by  the  depth  of  a,  26  is 
associated  with  an  increase  in  the  surface  salinity  during 
winter  or  the  appearance  of  a  shallow  subsurface  salinity 
maximum  at  other  times  of  the  year.  A  shallow  subsur- 
face salinity  maximum  is  characteristic  of  the  Kuroshio 
Current.  Meridional  sections  near  OWS-V  show  the  pyc- 
nocline depth  to  increase  southward.  Thus,  the  associ- 
ated changes  in  the  salinity  of  the  upper  layers  above  a, 
26  indicate  meandering  of  the  Kuroshio  Extension. 

The  net  heat  loss  across  the  sea  surface  at  OWS-V 
during  the  fall  and  winter  1967-68  was  anomalously  high 
and  during  1968-69  anomalously  low.  These  anomalies 
were  not  reflected  in  changes  of  the  heat  content  in  the 
layer  above  a,  26.  In  fact,  changes  in  the  thickness  of  the 
layer  are  the  dominant  influence  in  changes  of  heat  con- 
tent, obscuring  effects  of  the  seasonal  variation  of  the 
heat  exchange  across  the  sea  surface.  The  variation  of 
the  heat  content  of  the  layer  due  to  a  change  in  the  mean 
temperature  (Fig.  17)  does  reflect  the  seasonal  variation 
of  heat  exchange  across  the  sea  surface.  Again,  however, 
the  anomalous  heat  loss  during  1967-68  and  1968-69  are 
n  )t  reflected  in  anomalous  declines  of  the  mean 
temperature  of  the  upper  layer.  Anomalously  low 
temperatures  beginning  in  the  summer  of  1969  and 
lasting  to  the  spring  of  1970  were  not  caused  by 
anomalous  heat  exchange.  Thus,  horizontal  advection 
and  possibly,  to  a  lesser  extent,  diffusion  play  a  domi- 
nant role  in  the  temperature  variability  at  OWS-V. 

It  is  interesting  to  note  that  the  surface  divergence  as 
reflected  by  changes  in  the  depth  of  a,  26  has  no  annual 
periodicity.  The  6-yr  record  shows  that  large  baroclinic 
variability  occurs  at  time  scales  of  more  than  55  days 
with  largest  variability  occurring  at  the  interannual 
scale. 

OWS-V  is  located  in  a  dynamically  active  ocean  area 
with  the  area  of  highest  net  annual  heat  loss  in  the 
North  Pacific  lying  over  1,(X)0  km  upstream.  Relatively 
large  meridional  temperature  gradients  vary  seasonally 
and  probably  also  from  month  to  month.  Velocity  varia- 
tions of  the  Kuroshio  Extension  at  the  time  scales  con- 
sidered here  must  also  be  expected.  Consequently,  di- 
vergence and  horizontal  advection  play  an  important 
role  in  the  variability  of  the  observed  properties,  ob- 
scuring the  effects  of  local  atmospheric  forcing. 

The  preliminary  analyses  reported  here  show  that  im- 
portant properties  of  the  ocean  structure  can  be  ob- 
tained from  a  monitoring  station  such  as  OWS-V.  It 
may  be  more  difficult,  however,  to  relate  changes  in  the 
structure  with  local  atmospheric  forcing.  In  this  case  the 
effects  of  heat  exchange  across  the  sea  surface  are  ob- 


scured by  other  processes.  Some  of  these  processes  could 
possibly  be  determined  by  measurements  that  have  not 
been  made  on  weather  ships.  Obviously,  anomalous 
atmospheric  forcing  must  produce  anomalous  ocean 
conditions.  It  appears  that  these  relationships  can  be  es- 
tablished best  if  fields  of  properties  in  ocean  and  atmos- 
phere are  monitored  in  order  that  the  effect  of  diver- 
gence and  advection  can  be  determined,  or  that  area 
integrals  can  be  obtained. 
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APPENDIX  I 

Tables  of  coefficients  for  the  calculation  of  temperatures,  °C, 
salinities,  %.,  and  depths,  m,  at  sigma-f  levels  at  Ocean  Weather  Sta- 
tion V,  1966-71,  using  the  series 

E{t)  =  /(I)  +  M  •  (t-1)  +  A+  Z  [/!„  cos  ^^  +  B„  sin  ^ 

n  =  1,  2,  .  .  .  ,  12 

where  /(I)    =  value  of  property  at  first  day  of  year, 

V    =  slope  of  straight  line  between  /(I)  and  /(366), 

o)    =  ^   day-',  except  for  1968  where  uj  =   -'^-  day', 
366  367 

t     =  Julian  day  of  the  year 

Upper  row  of  Fourier  coefficients  at  each  level  contains  A -coefficients 
beginning  with  A  i .  Lower  row  contains  B-coefficients  beginning  with  Bj . 
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T-i      I       ro  I  cjcvjroojforjrocjKicjforj-*(Nj'^roif\M 
I        I    I    I    I    I    I    I    I    I    I    I    I    I    I    I    I    I    I 

fl0^^c3\Do^CaOJ^N■l^l\0^c^u^CT^oo^-J^«^c\j«H^ooO■^-^^ttu^^-a^'roec^c^o0^oo^^^J^-<ceo-J■^flc^JJ■ 

if4     ir*THN.ro*fi^Lr\i  lf^■«-4u^T^J'J•^OT-t^o^o▼^-t^-c^c^J^o^-ao^.  J- if\ T^cDto (vj ^^roo^(^JJ•oo-*T^^-(T«-^Lf^^* 
llll        I        I        II        III  ojipjroir.      iTT-f^T-t  J-fHrnfviMrjrotsjro     j-'Hh* 

-j^  ^  O^^C  IT  cccJ^^»u^'"J^- »-*?*-  lI^^*^^(^JJ■vC^*J■L^cD(^lr\J«^£)a^-J\^c^cn^^CJ•^o(^JC^T-^a^l^^o^-^c■r^^-T-^^-c^«: 

^-j-vo^f^  I  or*o woo*^oJ^rof^co^aooof^ro^J^-^JrJ^^w*^■•Ha^^flDlr^^s.cga^l^^li^«^  J■^r>^^'^•H^-^ofOM 
I        I       ^      ^^  I  ^^^^^^^  I       ^^1^1^       I       ^THCg^f^Pu  jtvjjtvj^^^tH  j^cj  j-rjfo  ^ 
II  III  I  I        I        I        I        I        I        I        I        I        I 

if\-*ircvj^cr<\jaoiX'fo^r'*HcDj-j-rovO'^PorjK      j-j-k)^ 
foo^vDfON.ac\^f^c3^-»c\j\Dj-ir*oO'-ff^JflOCOior>^^-irN- 

I       I  I        I       I       I       |■r^l^J^■JCu■.-^^Jl^l^.r^K^.^*^-^-«C' 


0000  »H     ca\Ov0^^eo«>oo^-f^u^■H*^l-^»^T^^-^^T^■^^■»Hr-^-H^ 

I- 
(/>  • 

Q£(/i-J'     o-<^'X!oo«~*X)*HcriX'cj^-j-^j'^j'j--j     -t^     j-J"     -* 

ItO         (^JCOf^J■^^T^■r^^-lt^■r^•r-^ 


(jjKi(C      J■▼^(JO'vCc^xp^OJlr^'-^u^vO▼-<^^^^o^J(VcD^O^- 
cjou^r^j^r^o^ro<X(\jirt-*r3occoc\JwN-crvCw^roLr*o 


u,      j'fsjrvj^fOcc^'Hixs^acairvj-toN.^O 


h-      ^     (Nj     r\j     f-      cr 

fH-f-tiHOJ'^J-ir'Xt 


UJ       U.(/1<30       O 
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CT>  oj -H  ■rH  o  ^  o  ro  r^  O^  J- {>j  o -H  o  J  O^  v£  O^ -*  ■H  r^  iH  r«n  in  oo  o  cc  if\  tsj  u^  ^  o  O^  J- f\i  flc  csj  J- fsj  rsj  vo  vO  fo  w 

roin         ^wcM^w     ^-r^cvjT-t-Hro  i  to  i  ^OT^roT-(^o  i  co-r-icu     J'-tHJ-  i  ki     k)  i       po     ^^  i  ^ru  ^^  |        | 

tH-H  I  I  I  I  I  I  II  I  I  I  I      •  I      I 

I 

oo^^«-iro(_)«Dh-mT-ih-vOM'Hcocj^c3f\j\r)ro<r  ij\^f^J(vj(vjr:)rr)cDK  mv^oj-*^^roro^{Cooer5^ir^H'vj-*v^-*'N-o 
i*<r  I      ^^T^WT^▼^^■.H^JrJ  i  rj  i  cj     cj     (sj     (sj     ^      i  (vjrofo^  wt^-hcj  i      ^  i  <h  i  ^  i  ^r-<     T-t     ^ 

<H  I    I    i    I    I    I    I    I    I    I         I         I         I         I         I         I  I         I         I         I  III 

^•11  w^^CvJ^rj^^^oj  I  <-t  I  ^  I  r\j  I  cj  I  (sj^-i^rj-f-trjcg  l  i      ^^h  i  rj  i  -j  i  roi*^  i       i  f\j     ^ 

I  I       I       I       I        I  III  I  III 

^- ^  K>  CT*  vD  fo  u^  ^J  C3  »i>  in  ▼^  oj  ^  w  ■r^  oD  CT»  ^  c>  hs.  \D  1^  r^j  N- «  T^  CD  f\j  »^  ^  ee  c^  (T  CT*  <c  h.  CO  oj  C3  fvj  C3  in  cj  ^D  IT  ^^ 
in-*f^'c5*DTH»^^HK  ■^c^o^^Ct^<T^^^^i)^^JC^  J■o0^«^vOCD^HfM*^J*^^^inf^l*£*-^OJN.c^^c^^-■^or>o^^c^cJln  ^«tr^N. 

cvjin      I  ^*H(Mc\jcMrdCvj^H(vj         th     oj^cj^nj     fvj^-<coT-4  I  in     (\iT^<MT-f^Hfvj     pocvjojr^  I  rocu^in  i  cmcj 

tH   I  I  I  I  I  I  I  I  I  I     I     I     I  I  I  I     I 

c)     p^i^oocln^c^tn\^s.o^^ln'oro^orJJ■rovOc^^r>^Dln(7^'H^C^1J■Lf^CT^co«'^£)r^<oc^r^^3ec(T^J^«JlnO^'^ 

o     fvj*-tc5fsj^(vj^r^  ^^H^^K)foco*-*(^c^c^c^^J^©lnc^lnCT^^^^'-*u^''^^vO<^^^c^-*oc^^^^^HO■vCc^^co^u^-*''f'^--^J'^«c 

^   •••••••••••••••••••••••••••••••••••••••••••••••••••• 

^-ro         «HCvjrvjrj(vj(\j^(vj     rjf\j(\jcvje\j(\j-j--t-*  jTjro-r^cjrjfocvj      i  tvj'r^rvj     <h t-< ^vh ^ nj in ^ (NJ ^J (nj (vj  i   i  ■«-i^  i 

X       I  CJ  I         I         I         I  I         I         I         I         I         I         I         I  I  I    I    I    I    I    t    I    I         I  II 

I 

(/) 

^  *£)^oc^«Ol^oo^-  ^^Jf^Jfo^c^JT^cDlna^«r"*oN.v£t^.^.CJ<cCT't^i^-o(^J^^rovC^-oo<5ln-*^^<c^ic^oco<^^lnCT'c\J^D'H 
Z  rofO(\icjvO'Hr*-p^crN-«  j^  in-J-cDN.j-C^rcciCMcrj'THiXJK  *-*«po^oo^-  K^«'^moj\C-r«oinf^^-vO'*5-J"'-**^0'-HflO 
UJ      ••••••••••••• • • ••• • 

M     -j-ec  I      (\j ^(\jrjf-tTH eg •H'th      i  in     in  I  \C  I  iri     \£>     -*     ro*-t(M  j-vCcmpocmt^  i  ^wfyKj^r^-tvj  i  ro*H  i      cvj^ 

O         I   "H  I     I     I     I     I     I     I     I      I  I  I  I  I  I  I  I     I     I     I     I     I     I     I     I  I     I     I     I     I  II 

HH  I 

u. 

U-     r^ceopof^  j-crinar  in«c  j-irr^ijcr^Hcr-j-tr  j-vO<rcrcrvi)r^.*^r*^'^r^'^r»-c\jrocrrjinvO(r'rjr-*N.  J■T^^i)c^l^»-^r^-» 

UJ     ^-t^H^ro  *H^flOPOf»-cKs*c\j\ofr>N.of^  (Too  j-in  j^cafocroT-icr^in  J^a^inf^ocmvOoirrororowvO^^crcjocvjcT^tVi 

O        • ..-••• •• 

O     OK  I   I  THtOT-ifo     ro^ro      i  c^JC^Jc^JC^J■H^OT^  J-rj  j^     ro  i  ojin      i  in  i  ^(vj  i      ▼^     rj^-tco     inrjrH^^  I   i 

•nro  I       I       I       I  III 

Qi        I 

UJ 

i-i  Ln^J<^^-.^cc^<T'lnvO®^*^*K'Oc^Jflc^-^^(^JvDKlnf*Ju^c^J,»\00^(^^JO^c^vOroT^fo^-u^c^ln'H^^*'^'^^ 

Q^  co<o^ocDeo(^JflCN.*^T^^-cJC^J^(^s-^ofyc^i(^oo^-co^-ln-»f^J^-f^JO■  Mfvirvjvo^rorofvjTH  j-'ocr  j--*^ -*fO\£»  vCfyKPO 

3       •• •.•.•..•.••...••••♦•.••••••••••••• ••• 

O  CT^*M      I  ^o■r^^*^ln▼^ro■»H  I  rjfo  I  ro^MCj     ro*-*MOJrjmwojK-H  j-ojrowwcu     <nj-*  J'rO'»H^fo^njfsj\D     ▼-(*-( 

U.^  IIIII|I<H||||||  will  II 

»i)  ^^  K  O^  (T  «3  *-<  evj  CD  in  c3  cr  U3  c^  CD  (T  If*  ^  r*^  cj  ♦H  CD  rg  K  <3  vc  f^  u^  f^  cvj  ej  w  N.  ,H  in  r3  c\j  (T  ^  ^  *H  ro  ro  f^  « 

K  ^o -*  ^(Ttroro  vi>(\JN.o(\jrocjro(\j  in 'H<ro^  rococo  CO  OK  j-gOfNJCO^eoo^oocrTHfleflOoinroKCJOKtMtHflCPO 

coin         ^  j-csjKK'fci)*H j-inr^  j-w-^^rooPvjflOPOfloroasvTo  j-r^<vjK)THo  I  lij^in  I  ifv-H     mroin     ro-^vflrj      i 

T-lfO  I  I  I  I  I  ItHI^ItHI  I  I  IwlWl  «H  I  III 

■H  J- j'K  j-cOKflCfMrjinLfN  Win  -*KC\JOJc^a^<cooa'KC^J<c▼^  j-r-tovOvorox'inflCOJinKrjcrTH^KK-HcT' j-ookmk 
c3C^^^c^K•HU^^^-Joc<^'^lf^l^lnK<^'*v^<o(^J<T*c^K▼^KCg<^JPJrJro^-^vDKln^^-*c^^o^lnc^c^l<^K^^^rOl^U^''^ 

infvi  I      ^D1^flClnvDln^f^f^Jlf^O'K*^^o^Ju^^o  j-m  j-(\j  j-wwoovDco  I  ojrjro     KrHro     -Hro^no     in-*f^'-*'^^-POfO 

rVJI  lllll|llll|W|W|W|T-l|W|r-l||         www         III  I         W         II  I 

I      I      I      I      I      I  III  I 

foecK«i)THwc3rjinirvw«\£>Kr^coKK\cco\0(7>Mj-c\jforoc3<o^KMincrc3aDj^^jO"«jcrroj^\i)«;c3(j'« 
KT^O(TCJfMK^OT-4^0KvC▼^o^Olnc^ooaP'X)ow^i)  J^M(^J^^^-^c^K<^JK^-O^K^^r-^c^vDc^K^o^^T^  J-oo^iHwO^co 

vD(\j  I   I  »Ho(r«OKinif\ir'X)ojin'HmojKro<oinuMnir»'S'      i  j^oo  j-fvj\OKfo«roKvDroKw.«-4K     -h  i  -*-<mw -*■  i 

fMAT  T-l         I  I  I    WW  ^llllllllll  llll  W  *H 

II  I  I 

KcD*HKD-*K(rc>j(>jfO(\j(rvDKinflrfOocin(r<M  -j-cokk  j-ro^(T*KaOf<iKtvjroacro  wkmcd^o^hk  o^roro^-iMvoro^ 
-J-KO'oajrj— iwnw3oro»X)KLn^oom^-ir^T'cr  in<rofsjvDvDKO"  nKtro^^rs-wtrec  .j^ro(vjr>jwvC(\jr3r>--«cj^ 

mvDw  I  owvCK7vDK(\j(r '»cj-rH  j-rjKK  j-Kin-TKf^-»in  J-wocvD^DK-*-     roo^TOfOfoinwosfo «?ro w^o  t  kk(X> 

inW  (M  ^  (Mro«-l«H^HW  Wv^^T-lT^^tH^OJ       ro^H^  I     I     I   ^   I     I  ^        ^-i 

w^  I       I      I       I      I       I  I 

I  I 

*»»X)wKoc>ocrowrjwCT'c:'vr>-*coeoflOvCinm-ttrroa"cr«of*^ 

e3\OOT-«^^C3rOW'»H^tSJWW^W^-IOC3WCvJT^OC3»-*OJW 
<t  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  llll 

(/)(/)CD      fvji^aooOC\jroo*0^<CflOccoooc«Joo«>oc«'aocceoooaooOflO 
^a3<\j     KKKKw'»Hw-rHro*\j<\jcviojrjfvjrjc\j{M(vj(\JCj(\icvjt\jf\j 

.JO*^     ojc\jrorjf*^foror^'PororoPorororororororofOforopororo 

I- 

c/1  • 

O^I/^tH     (C(OT-*r^ro^^o^'^^or«^p^^owT^T^wwwww^-^•»Hw^^w 

»-<cD        v0^cc3a>(y(rccooQoac     occo 

U.O         oarjc^JW'rHWWTHW'vHww 


i: 


oC'-«W'.JCJoc\jc\j(\jror^ror^c)tr''j''-j'H(_jcjO'TOr^THco 

C30C3C3       0       00G»^a^C3'3C3cD0OO0C3OOC30'^C3 
C3'^^C~tr^C3aoC3frjC3CJ(JC3OC3C3C»C^nC3f5        0'~>0         r3 

I  III 

*—     j'j'WrocjfT^tfV'Hinccintr^croo'J^ojcviinwcDu^vDoofo 
*-*cr(CCvjrvj^eo<vj*r3(\jmcrnjCJ^Df^Kinc3pri*r>v0cDcr(Tw 

u.ocinLnir»-*rorowwt-3crcccoflCK«Dmj-'^,HCT      r-ujj-ropo 
^(\Jcur\Jro(MOJ(vjCVJrg'HW'H-HTHiH«HT-iT-t^ 

J  •C30C3c3^3C3OCJC3(JCc:jC*C3C3cDC3C3'-JOc3C3CDC3o 

>a***« • ••••• 

_jl/irorjCNjcvjojpj(\i(Nj(\jnjf\jcvjc\jrj(\i(\jc\jou(vi(\j(\jojcvjoj<\j 
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•r-4rO  I  I  I  I  I  l-r^l'T-IIWI'.HIrHI  I  ^l-rH-*-*  lll|lllll  I  III 
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^T-l     I  t         I         I         I  I         I         I         I         f         I         I         I         I         I  I  I  I  I  I  1^1  I  It  I  I         I         I         I         I  I 

I 

K  rocvjK  c^^x)0*rocvJC^JvOl^cD*^J■c^^^CJ^^o^-ccv^c^ClOC«Ha^T^l^^-tc^»li^^^(^lfVJ^CvJ«■^^▼^rJPJJ^^fv^l^-yKf^ 

C3^CDOirni)vC'OCirtCDv£)or  hwT-fOJtrf^K-tMcafO  T^(^JC^^^•^^lD^-N.<^JC^C^J(^J»^J^r^-CDvC^C3'-*^^•-^^^£CD▼^^^rO«HC^J 

^11  I  I  W  I  ^1  I  |^|-.-4|^|  I  I  II  lit  I  lllll  II 

I  I  I 

tn  I  tH^  th  iiiilii^  tiliiiiiitii 

<■-■»      fv.i(\j~>c-»u>cr<r  Wtr-eCvPCT'  *H*"co<=ni^e'S-  roa~Jt^-w^^C^'cc{Too*-^'-^vDlr^'P'^^^v^>J■'~^vD(^ilJ^-t^^'-*■-:»■r^c^t^J'^Ic^f\J 
^         ••••#•»•••••••••••••••••••••••••••••••♦••••••••••••• 

I  I    ^^  I  |*-llr-llTH|WlT-t|  I  I  I  I  ll^t-rHlll  I  till 

XI  It 

LU        • • ••••»• •.••.•....• 

I-)       fOW   I  ■r^|WI||1H||  (NJ        CM       fV)|(\J       CM        f-i        *-*ll    -tH*-*   I      I     t     I     I  I     I     I     I   -^         t  I  t     • 

c;         I     t  I  I  I  I  I  I  I  I  I  I  I     I  t 

M 
U 

O      •• 

O        -"Hrj   II         »-t       tH        T^       ^         I   -t-t       -H-H       -H        W       W       -rH       W -H   I     I   rH  I  I  I   •»-*   I  I  I     I     I 

I  I  I  I  I 

or 

'^  „ 

O     (MtM      i^^co-r-t  ^1^1        I       T-4|        I'fHi       (^JroT^       liil        I       T^M|        i        i-tH       ii 

ti.  I  ill 

POrO  I    no  *-<  CVJ  t-l  rj    l    C\S-r4        tH  J■T-4-*■r^^^■r^POT^^l■r-^^JT4rO"H  J^    1^         f^        rUI^I^  lll'T^I  tH 

I  II  I        I        t        I        I        I        I        I        I  I 

c->^(\J(^J«-^u^f^J^T^c^^X^■r-^u^acc->mcc  »Hx£icj-jr<OT-(r\Jir\vOLr,ooac<3CT-<f*^aLr«coj^'«-*forjc\i  j^f\jcc<i)4'vI'fvjvr<raO'*H 

rovD  I       (M  I  to(Vjndojrj^cjforo-irj^CJir^Hir"-< J--Hr--  I  rj-r-4LP  I  K)     p^      ^       i        i    i       ^       i    i  ^-^      t 

I  I       I   I   I   I   i   I    I    I   I   I   I    I   I   I    I    t   I   I    I    I       I       I       I       I       I  t 

KJKj^HfNj^ouCT-o:  (X'joifvj  -*a:  0  rol^^vC^-u:i^^  J■u^u^oo^.^_JaL^^l^^^^Jf^J■r^c^J':;J^o^OJ^£l^^Lr^J■^■Ha^^f^^^■^Hc^t^J 

rohoii       ^rororjTHfMojvCi^TH     *-4     c\J^-*^M^fMr^^r^      |J■(^Jll--^T^^^^l^^^       i  i       wi  co      | 

I  lllll  I    I  I    I    I    I        I    I  I 

cTtPO      I  ec     (\Jir*rvjfvj     podXDfotf* -Tiriv£'ir*\DtrirMJN  J- j-t^^H'Xt»i3irv»-tojr\j         rjrvjro^  ■  THfVf\j--i       i  ^h      ro     ^ 
^^  I        I        I        I        I        I  I    I    I    I 

-*^^CJ^-^'J^^^■^'^J■^^^^^'^/''-Du^'X^J^_)^OLpT-^■r^rJJusT^ 

CD        »H        <3        CJ        CD        C»        r_3        ,H         C3         ra         CJ        a         CD        rj         O        r:>        CTi         CI        Cj         -3         C^         U        CD        C>        CJ        O         CD 
<T         I  I  I  I  I  I  I  I  I  I  I  I  I  t  ■  I  I  lllll 

»—    • 

{/^(/)co     c^     \C     oo     <r      t\s     r^      a      atooc  «      ococtr      (r'<x:cc^aoa:'fC<x:-a::><K      co 

<ICC(^J^-^-^-^~      i-H^-i^^rjoj  r>jfMMf\jC'(\jCMt\jCMro(\jpjr'j(vjoj 

.JO'*'     r\jfvjr\jrMK)r^ror-orv-.ro  rofjrorororohnKsrr      popororororo 

I- 

00    • 

HHtr  vriXe^'>Orr       c       or       sr       cccc       «       or 

UO  c\J(^Jt^J»^T-lT^■»-i^Ht-^T^l-^T^ 

f«-,       ,H       N         T^        C^J       *-<        N         C         CI        r-".       PO        t\J       CJ        K         ^        -H       ^        ••-<       ^i-i        -H       (\J       0.1        tH        T-f       r^        tH 

■ .»      ^z'      f  J        1      'T      o      'I      ■  ->      th      *h      »h      w-^      ^      [.^      .  ^      t  -      .  .»      <.>         ■      i-  »      :  "•      «-"       ■-■      ^  > 

r<JC3CDC3i_3CD'OC3t3C->CJC-»c3(3C3tTCDCJC_J«:Dl">C>r30rDC3 


■.H^         LTvCVi         -J         T^  J         v£         LT^'J'         CT         LT         i^CC         lP'->         -TOT  fVJCr  irifOr.. 

ror«'jfirofor^f^rorop^r'>      p'>r!r«ir^fOforop^ror*'jr^r^      f^ 

•       CJ       i_>      t-^       «r>       o       (J       "">         J       t_i       '■T       C5       I*'       n       t_(       n       CJ       CJ       CD       CJ       (.3       >;:>       tJ       c:^ 
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APPENDIX  II 

Expected  values  of  Ocean  Weather  Station  V  temperatures,  °C  x  100, 
(top  panel);  salinities,  %.  X  100,  (middle  panel);  and  depths,  m,  (bot- 
tom panel)  at  sigma-f  levels  evaluated  at  the  first  day  of  each  month  for 
the  years  1966-71. 

Values  were  computed  by  using  the  tabulations  of  Appendix  I  in 
Equation  (3).  Only  the  first  three  harmonics  in  the  series  were  evaluated 
for  1966  and  1967.  All  12  harmonics  in  the  series  were  evaluated  for  1968 
through  1971. 
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and  the  author's  name,  and  footnote  the  author's  affiliation, 
mailing  address,  and  ZIP  code. 

Contents.  Contains  the  text  headings  and  abbreviated  figure 
legends  and  table  headings.  Dots  should  follow  each  entry  and 
page  numbers  should  be  omitted. 

Abstract.  Not  to  exceed  one  double-spaced  page.  Footnotes 
and  literature  citations  do  not  belong  in  the  abstract. 

Text.  See  also  Form  of  the  Manuscript  below.  Follow  the  U.S. 
Government  Printing  Office  Style  Manual,  1973  edition.  Fish 
names,  follow  the  American  Fisheries  Society  Special  Publica- 
tion No.  6,  A  List  of  Common  and  Scientific  Names  of  Fishes 
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Methods." 

Text  footnotes.  Type  on  a  separate  sheet  from  the  text.  For 
unpublished  or  some  processed  material,  give  author,  year,  title 
of  manuscript,  number  of  pages,  and  where  it  is  filed — agency 
and  its  location. 

Personal  communications.  Cite  name  in  text  and  footnote. 
Cite  in  footnote;  John  J.  Jones,  Fishery  Biologist,  Scripps  Insti- 
tution of  Oceanography,  La  JoUa,  CA  92037,  pers.  commun.  21 
May  1977. 

Figures.  Should  be  self-explanatory,  not  requiring  reference 
to  the  text.  All  figures  should  be  cited  consecutively  in  the  text 
and  their  placement  indicated  in  the  left-hand  margin  of  the 
manuscript.  Photographs  and  line  drawings  should  be  of 
"professional"  quality — clear  and  balanced,  and  can  be  re- 
duced to  G'h  inches  (40  picas)  for  page  width  or  to  S'A  inches  (19 
picas)  for  single-column  width,  but  no  more  than  9  inches  (54 
picas)  high.  Photos  should  be  printed  on  glossy  paper — sharply 
focussed,  good  contrast.  Label  each  figure.  List,  and  typed  dou- 
ble spaced,  each  figure  legend.  DO  NOT  SEND  original  figures 
to  the  Scientific  Editor;  NMFS  Scientific  Publications  Office 
will  request  these  if  they  are  needed. 

Tables.  Each  table  should  start  on  a  separate  page  and  should 
be  self-explanatory,  not  requiring  reference  to  the  text. 
Headings  should  be  short  but  amply  descriptive.  Use  only 
horizontal  rules.  Number  table  footnotes  consecutively  across 
the  page  from  left  to  right  in  Arabic  numerals;  and  to  avoid  con- 
fusion with  powers,  place  them  to  the  left  of  the  numerals.  If  the 
original  tables  are  typed  in  our  format  and  are  clean  and  leg- 
ible, these  tables  will  be  reproduced  as  they  are.  In  the  text  all 
tables  should  be  cited  consecutively  and  their  placement  indi- 
cated in  the  left-hand  margin  of  the  manuscript. 

Acknowledgments.  Place  at  the  end  of  text.  Give  credit  only 
to  those  who  gave  exceptional  contributions  and  not  to  those 
whose  contributions  are  part  of  their  normal  duties. 


Literature  cited.  In  text  as:  Smith  and  Jones  (1977)  or  (Smith 
and  Jones  1977);  if  more  than  one  author,  list  according  to  years 
(e.g..  Smith  1936;  Jones  et  al.  1975;  Doe  1977).  All  papers  re- 
ferred to  in  the  text  should  be  listed  alphabetically  by  the  senior 
author's  surname  under  the  heading  "Literature  Cited";  only 
the  author's  surname  and  initials  are  required  in  the  author  line. 
The  author  is  responsible  for  the  accuracy  of  the  literature  cita- 
tions. Abbreviations  of  names  of  periodicals  and  serials  should 
conform  to  Biological  Abstracts  List  of  Serials  with  Title  Abbre- 
viations. Format,  see  recent  SSRF  or  Circular. 

Abbreviations  and  symbols.  Common  ones,  such  as  mm,  m, 
g,  ml,  mg,  °C  (for  Celsius),  %,  'I..,  etc.,  should  be  used.  Abbrevi- 
ate units  of  measures  only  when  used  with  numerals;  periods  are 
rarely  used  in  these  abbreviations.  But  periods  are  used  in  et  al., 
vs.,  e.g.,  i.e.,  Wash.  (WA  is  used  only  with  ZIP  code),  etc. 
Abbreviations  are  acceptable  in  tables  and  figures  where  there  is 
lack  of  space. 

Measurements.  Should  be  given  in  metric  units.  Other 
equivalent  units  may  be  given  in  parentheses. 


FORM  OF  THE  MANUSCRIPT 
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